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Abstract

New Caledonia’s unique terrestrial habitats — primarily mountain rainforest and sclerophyll forest —
face significant threats from invasive ungulates, particularly Javan deer (Rusa timorensis), introduced
in the 19" century and now widespread. Since deer are an important game and food source for lo-
cal communities, the management strategy aims to mitigate their detrimental impact on ecosystems
while maintaining populations at levels that continue to support hunting. To achieve these objectives,
effective and reliable population monitoring methods are essential. Unmanned aerial vehicles (drones)
equipped with thermal sensors represent a potentially superior alternative to conventional ground-
based methods for ungulate inventories, particularly in remote and difficult-to-access areas. In this
study, we explored the feasibility of using a rotor-wing drone and a thermal camera to estimate the
relative density of Javan deer in two protected areas: Domaine de Déva (7,319 ha) and Parc provincial
des Grandes Fougeres (8,098 ha). Visual line-of-sight flights were conducted after sunset at altitudes
of 80 and 100 m above ground level, with the camera fixed at 40° or 0° angles. In Déva, we surveyed
10 sampling blocks, and in Grandes Fouggres, 4 blocks (each ranging from 56 to 92 ha). In the pre-
dominantly open savanna area of Déva, the estimated relative population density was 116 deer/km”
(SE = 26.8), with some blocks exceeding 400 deer/km?. In contrast, in the dense canopy rainforest of
Grandes Fouggres, the relative density was 7 deer/km? (SE = 2.8), with a local maximum of 18 deer/
km?. Differences in deer counts between consecutive flights over the same blocks (with time gaps of
less than 100 minutes) were minor, demonstrating that drone surveys are highly repeatable — an essen-
tial quality for a reliable population monitoring program. To detect a 25% population reduction with
a statistical power of 0.8, surveying 10 sampling blocks was sufficient in the high deer density savanna
area, whereas approximately 28 blocks would be required in the rainforest. The logistics of drone
operations were relatively straightforward in the savanna; however, in the rainforest, we encountered
practical difficulties, including a limited number of suitable take-off sites and restricted visibility due
to the dense canopy cover. Despite these obstacles, the method proved to be an effective and efficient

approach for monitoring deer populations in the challenging landscapes of New Caledonia.
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Introduction

Biodiversity loss is currently one of the primary challenges in nature conservation.
It is driven by habitat degradation, climate change, as well as competition and pre-
dation by alien invasive species (Vitousek et al. 1997; Lefeuvre 2006; Kingsford et
al. 2009; IPBES 2019). The negative impact of non-native animals is particularly
pronounced on isolated oceanic islands (Courchamp et al. 2003; Russell and Kuef-
fer 2019). Their unique, predominantly endemic vegetation, which often evolved
without pressure from large mammalian herbivores and therefore did not develop
adequate defense mechanisms, is especially vulnerable to the presence of human-in-
troduced domesticated or wild ungulates (Bowen and Van Vuren 1997). Moreover,
in the absence of natural predators, herbivore populations can expand rapidly, pos-
ing an increasing threat to island ecosystems. Consequently, controlling invasive
herbivores is a crucial conservation priority on islands (Courchamp et al. 2003).

New Caledonia is a Pacific archipelago located about 1,500 km east of Austra-
lia. It is characterized by exceptional biodiversity and a high number of endemic
species. Of the more than 3,300 native vascular plant species found there, 75%
are endemic (Morat 1993; Isnard and Jaffré 2024; Munzinger et al. 2025), and
the archipelago is considered one of the most important biodiversity hotspots on
Earth (Myers 1988; Myers et al. 2000). The most valuable terrestrial habitats of
Grande-Terre, the archipelago’s largest island — tropical rainforests (83% of en-
demic species) and dry sclerophyll forests (57% of endemic species) — are severely
threatened by mining, logging, fire, agriculture (cattle grazing), and invasive spe-
cies (Mittermeier et al. 2004; Isnard and Jaffré 2024). While rainforests still cover
much of the hard-to-reach inland areas at higher elevations, the small remnants of
the sclerophyll forests that have survived, scattered within savannas along the west
coast, occupy only 2% of their original area (Bouchet et al. 1995).

Javan deer (Rusa timorensis), also known as Rusa deer, were introduced to Grande-
Terre in the 1870s. Due to their high adaptability, as well as the lack of competi-
tors and predators, the species quickly spread throughout the island. Currently, their
abundance is estimated at several hundred thousand individuals (Barriére and Fort
2021), with the highest densities recorded along the west coast of the island (de
Garine-Wichatitsky et al. 2004). The species is now listed as one of the major prior-
ity invasive species (Conservatoire d’espaces naturels de Nouvelle-Calédonie 2017).
The highly negative impact of deer on the endemic flora is observed both in the
remnants of the sclerophyll forest (Bouchet et al. 1995; Gargominy et al. 1996; de
Garine-Wichatitsky and Spaggiari 2008; Mansourian et al. 2018) and in the moun-
tain rainforests (Le Bel et al. 2001; Tron et al. 2024). Deer destroy endemic plant
species and impede forest regeneration through browsing, debarking, and trampling.
They also contribute to the spread of invasive plant species by actively dispersing their
seeds (de Garine-Wichatitsky and Spaggiari 2008). Severe overgrazing causes soil ero-
sion and negatively affects water resources on the island (Tramier et al. 2021). Addi-
tionally, local farmers are concerned about the damage caused by deer to pastures and
agricultural crops (Barriere and Fort 2021). Although the impact of Javan deer on the
island’s ecosystems is undoubtedly negative, they also represent a significant source
of game meat for local communities, and deer hunting is an important part of their
culture (de Garine-Wichatitsky et al. 2004). For this reason, the species cannot be
treated solely as a pest to be eradicated from the island. Instead, it is necessary to man-
age the population in a way that minimizes its negative effects on biodiversity and ag-

NeoBiota 103: 85-106 (2025), DOI: 10.3897/neobiota.103.157791 86



Julia Witczuk et al.: Thermal drone surveys of invasive Javan deer in New Caledonia

riculture while maintaining it at a level that preserves its social significance. Achieving
such goals requires effective and reliable methods of population monitoring.

The Javan deer population management strategy adopted in New Caledonia
focuses control efforts on 10 designated priority areas that are particularly valuable
for biodiversity and provide essential ecosystem services, such as those critical to
the water cycle (Conservation International and Conservatoire d’espaces naturels
de Nouvelle-Calédonie 2016). In three of these areas, regular monitoring and in-
tensive professional deer control have been planned within the framework of the
PROTEGE project (Pacific Community 2025). Based on previous experience with
deer surveys in New Caledonia (de Garine-Wichatitsky and Saint-Andrieux 2003;
Roques-Rogery 2008) and the results from tests conducted under the invasive un-
gulate control plan launched in 2008 (Barriére and Fort 2021; Fort and Barriere
2021), the strategy recommends monitoring populations using indirect methods
that measure deer impact on the forest, along with direct animal observations to
estimate abundance indices and identify areas of deer concentration.

Due to the nocturnal activity of Javan deer and the limited access to the survey ar-
eas, thermal camera observations conducted from unmanned aerial vehicles (drones)
are considered the most promising new monitoring method. Previous studies in
temperate forests have shown that detecting large mammals in drone-acquired ther-
mal imagery is possible even in relatively dense conifer stands (Witczuk et al. 2018).
Tests over captive deer enclosures have further demonstrated that this approach can
provide accurate animal counts (Beaver et al. 2020; McMahon et al. 2021; Zabel et
al. 2023). The method has also proven reliable under natural conditions, with drone
surveys producing consistent results when conducted alongside other deer density
estimation methods — such as pellet-group counts and camera trapping (McMahon
et al. 2022; Baldwin et al. 2023; Finnegan et al. 2024). Moreover, drone flights in
difficult mountainous terrain have been reported to be much more feasible and ef-
fective than ground-based observational surveys (Trinh-Dinh et al. 2024).

The purpose of this study was to test whether drone-based thermal video sur-
veys could be an effective method for monitoring the Javan deer population in the
challenging landscapes of New Caledonia. Following preliminary flights to deter-
mine optimal flight parameters, we tested the method in two of the island’s main
habitat types — open savanna and dense canopy rainforest — and aimed to establish
a methodological foundation for future deer inventories in New Caledonia and
similar environments.

Methods

Study areas

The research was conducted on Grande-Terre (16,372 km?), the main island of
New Caledonia. The island has a tropical climate with two seasons: a dry season
(from mid-April to mid-November) and a rainy season (from mid-November to
mid-April) (Fotsing and Dumas 2021). Average monthly temperatures range from
20 to 26 °C, and monthly precipitation varies from 55 mm in October to 271 mm
in March (World Bank 2025). The island is sparsely populated, with an average
population density of about 15 inhabitants per km?* There are no native mammals
on the island except bats. Besides the invasive deer and feral pig (Sus scrofa), the
island is also inhabited by domestic cattle, goats, and horses.
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The choice of the study areas was strongly influenced by COVID-19 pandemic
restrictions, as most of the mountain rainforest priority zones designated for deer
management were inaccessible due to the lockdown.

The first stage of the research involved test flights to establish the optimal flight
altitude and camera angle. These were conducted at a private hunting and cattle
farm, La Cotonniére, Boulouparis (21°51.23'S, 165°54.65'E). The property (350
ha) features hilly terrain with extensive plains and woodlands. For the test flights,
we chose flat, grassy areas with numerous deer.

The survey flights to estimate relative deer densities were conducted in two pro-
tected areas: Domaine de Déva and Parc provincial des Grandes Fougeres (Fig. 1).
The survey areas were selected to represent two different ecosystems of the island.

Domaine de Déva (21°33.55'S, 165°20.05'E) is a 7,319 ha area located on the
west coast of the island. The terrain is hilly, with elevations ranging from 0 to
383 m a.s.l. and a mean slope of 12°. The area is dominated by savanna — grass-
lands and shrub with discontinuous tree cover (Figs 1, 2). Sparse forests include
the largest remaining patches of sclerophyll forest in New Caledonia.

'The Parc provincial des Grandes Fougeres (21°36.55'S, 165°45.15'E) is situated
approximately in the middle of the island’s central mountain range. The park cov-
ers 4,546 ha, but with a 700 m buffer around the park boundaries included, our
resulting study area was 8,098 ha. The elevation ranges from 157 to 718 m a.s.l.,
with a mean slope of 21°. The area is dominated by tropical rainforest, interspersed

with patches of shrubs and grassland savannas (Figs 1, 2).

D Sampling blocks

Forest
Shrubs

Grasslands

- Water

Figure 1. Land cover of the two study areas and locations of sampling blocks for Javan deer (Rusa timorensis) thermal drone surveys in

New Caledonia: Domaine de Déva (A) and Parc provincial des Grandes Fougeres (B); both areas are shown at the same scale.
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Figure 2. Landscapes of the two study areas for Javan deer (Rusa timorensis) thermal drone surveys in New Caledonia: Domaine de Déva

(A) and Parc provincial des Grandes Fouggres (B).

Drone and sensor

The flights were conducted using a Matrice 300 RTK quadcopter (DJI, Shen-
zhen, China). The drone is powered by two lithium polymer batteries (capacity
5,935 mAh), enabling a flight endurance of up to 40 minutes. The maximum
flight speed is 23 m/s, and the drone is resistant to winds up to 12 m/s. The take-
off weight is 9 kg, including two batteries, a gimbal, a camera, and a parachute.
Detailed drone specifications can be found on the manufacturer’s website (hteps://
enterprise.dji.com/matrice-300).

The drone was equipped with a hybrid RGB/thermal infrared camera, the Ze-
nmuse H20T (DJI, Shenzhen, China). The thermal component of the camera
featured an uncooled, microbolometer focal plane array detector (640 x 512 pixels,
12 pm pixel pitch, spectral range 8-14 pum) with a 13.5 mm focal length, /1.0
lens. The camera was mounted on a downward gimbal, with the camera’s hori-
zontal axis aligned perpendicularly to the flight path. Video files (30 Hz) in mp4
format were saved on an SD card; the recorded scenes were also viewed in real time
on the drone’s remote controller. Georeferencing data and flight parameters were

stored in STR (SubRip Text Subtitle) files.

Establishing optimal flight altitude and camera angle

The quality of video data acquired by drones strongly depends on the flight alti-
tude above the ground and the angle of the camera. Both of these variables affect
the ground sampling distance (GSD, i.e., pixel size) and the size of the camera’s
instantaneous field of view (video footprint) (Burke et al. 2019). The lower the
flight altitude, the smaller the GSD, improving the ability to distinguish small
details in the imagery. However, this comes at the cost of reducing the image foot-
print size, and thus survey efficiency, as more time is required to cover the same
area (Fig. 3). To ensure high detectability and accurate identification of animals in
thermal imaging, the thermal signature of an animal should be at least 10 pixels
long (Witczuk et al. 2018; Burke et al. 2019). As the average body length of Javan
deer is between 130 and 170 cm, the maximum acceptable GSD should be 13 cm.
Because of the variability in GSD caused by the camera angle and topography, we
applied a conservative rule that the GSD should not exceed 10 cm.
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Figure 3. Ground sampling distance (at the center of the cameras field of view) and footprint area (camera’s instantaneous field of view)

for a range of flight altitudes (70-120 m) and camera angles (0-50°). For some combinations of altitudes and angles, the resulting ground

sampling distances exceeded the 5-12 cm range and are not shown. A combination of 80 m altitude and a 40° camera angle provides a

ground sampling distance of < 10 cm while maximizing the footprint area.

To assess the differences in video quality acquired at a range of altitudes (70—
120 m) and camera angles (0-50°), we conducted test flights at La Cotonniere
farm in May and September 2021 (Fig. 4). Recorded videos were visually inspect-
ed, and each altitude—camera angle combination was rated based on the level of
detail enabling easy detection and identification of deer while maximizing the
footprint area. From this analysis, we established that the optimal parameters for
survey flights were 80 m altitude above ground level and a 40° camera angle. These
settings result in a GSD resolution of -9 c¢m (in the center of the camera’s field of
view) and a filmed strip width of about 76 m (calculated based on the formulas
provided by Burke et al. 2019).

During survey flights over the rainforest, we also collected data using a 0° camera
angle (pointing directly downward) to enhance detection of animals obscured by
trees. For these flights, altitude was increased to 100 m to maintain the desired GSD
of -9 cm. These alternative settings resulted in a narrower filmed strip width of 59 m.

Survey flight operation details

At Déva, flights were conducted from 23 to 25 September 2021, and at Grandes
Fougeres on 4 and 5 October 2021 (Table 1). The survey flights were carried out at
night, from sunset (around 7 PM) to approximately 1 AM (NCT), as opportunis-
tic observations indicated that deer become more active around sunset, when they
emerge from forests to feed in adjacent grasslands, with activity decreasing after
midnight. A similar activity pattern was observed in sambar deer (Rusa unicolor)
introduced to Australia (Comte et al. 2022).
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Figure 4. Video frames showing Javan deer (Rusa timorensis) thermal signatures captured by a drone at different altitudes and camera
angles: 80 m, 50°, 44 individuals (A); 80 m, 0°, 52 individuals (B); 120 m, 50°, 132 individuals (C); 120 m, 0°, 79 individuals (D). Insets

show close-ups of selected thermal signatures from the top and bottom parts of the images (note the different scales in the top and bottom

sections of images recorded with a 50° camera angle). Videos were recorded during test flights at La Cotonniére farm, Boulouparis, New
Caledonia, in May and September 2021.

At each study area, we selected suitable take-off sites for drone operations that
offered vehicle access and clear visibility of the surrounding terrain to ensure flight
safety and simplify logistics. Simultaneously, we aimed to choose locations that
represented the full range of habitats occurring within the study area. Importantly,
site selection was independent of the deer distribution.

In the Déva study area, we sampled a total of 10 blocks, which ranged in size
from 56 to 92 ha (mean 77 ha). The blocks were reached from five take-off lo-
cations. In the Grandes Fouggres study area, we sampled four blocks (63—84 ha,
mean 70 ha), reached from three take-off sites (Figs 1, 5).

The size of the sampling blocks was determined by two constraints: the require-
ment for visual line-of-sight flights — the drone had to remain within 1,800 m of the
operator (as per our derogation) — and the need to retain at least 20% of the drone’s
battery after surveying a sampling block to ensure a safe return. Given the variability in
take-off site conditions (openness, visibility, and topography), the number, location,
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Table 1. Details of flights and the number of Javan deer (Rusa timorensis) detected during thermal drone surveys in New Caledonia. Dif-

ferences in the surveyed area between flight repetitions in the Grandes Fougeres are due to varying flight altitudes (80 m and 100 m) and

camera angles (40° and 0°) used for each flight.

Study area  Sampling block = Number of flights Date Start times Area surveyed (ha) | Detected individuals
Déva Al 2 25.09.2021 19:02, 20:38 85, 85 47, 64
A2 2 25.09.2021 19:32, 21:07 84, 84 66,73
B1 2 24.09.2021 19:04, 21:02 60, 60 44,56
B2 2f 24.09.2021 19:37, 21:29 93, 44 237, 154
B3 2 24.09.2021 20:22,21:56 85, 85 211,191
c1 2 25.09.2021 22:25,22:55 70,70 121,120
D1 2 23.09.2021, 23:27, 0:42 79,79 17,19
24.09.2021
D2 2 24.09.2021 0:15, 1:11 83, 83 28,33
E1 1 23.09.2021 19:27 84 77
E2 2 23.09.2021 18:52, 20:14 88, 88 98, 68
Total 811, 678 946, 778
Grandes F1 2 04.10.2021 19:03, 20:12 57, 45 10, 8
Fougéres 2 2 04.10.2021 19:36, 20:42 75,53 2,2
Gl 2 05.10.2021 18:55, 19:23 62, 44 0,1
H1 2 05.10.2021 0:32, 1:03 58, 48 4,4
Total 252,190 16, 15

Second flight incomplete

and flight paths of sampling blocks were planned during fieldwork to maximize cov-
erage and minimize the risk of losing communication with the drone.

The flight paths within the sampling blocks had the form of parallel transects
(Fig. 5) ranging in length from 0.2 to 1.4 km (mean 1.1 km, SD = 0.19 km). Each
block contained 6 to 11 transects. The spacing between non-overlapping filmed
strips was about 10 m. The total length of all transects was 106.5 km in Déva and
32.2 km in Grandes Fouggres.

For most of the sampling blocks (12 out of 14), surveys were repeated twice (Table
1). However, due to technical problems at one of the remaining blocks (Déva B2),
the second survey was incomplete, and one block (Déva E1) was surveyed only once.

Survey flights over a single block lasted between 18 and 25 minutes, excluding
the time required for the drone to travel from the take-off site to the sampling
block and back. The interval between the first and second surveys ranged from 8
to 100 minutes (mean 54 minutes).

In Déva, both survey repetitions were conducted at an altitude of 80 m with the
camera fixed at a 40° angle. In Grandes Fouggres, the first survey was also conduct-
ed from 80 m at a 40° camera angle. However, since the area was mainly covered
by dense canopy forest, the second survey was conducted with the camera fixed at
0° and at an altitude of 100 m to enhance animal detectability. The drone’s speed
ranged between 8 and 10 m/s.

The survey missions were programmed using Mission Planner software (Ardu-
Pilot) and flown autonomously, with only take-off and landing performed manually.
Flight parameters and the drone’s location were monitored by the pilot on a ground
control station and the screen of the remote controller. Each block was intended to
be surveyed using one pair of batteries; however, we assumed the mission would be
interrupted and the drone returned to the take-off site if the battery charge dropped
to 20%. During all flights, the drone was observed by a second person — the spotter.
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Figure 5. Distribution of Javan deer (Rusa timorensis) during the thermal drone survey in three sampling blocks (B1, B2, B3; first flight)
at the Domaine de Déva study area, New Caledonia. Total number of deer detected: 44 (B1), 237 (B2), 211 (B3). Background image:
Gouvernement de la Nouvelle-Calédonie / DITTT / Service topographique.

Video analysis

Videos were reviewed manually by two independent observers using the Full Mo-
tion Video (FMV) plug-in for QGIS (Raga 2021). This plug-in allows for the
analysis and visualization of drone videos within a geographic information system
(GIS) environment. FMV requires metadata compatible with the Motion Imag-
ery Standard Board (MISB); however, the STR metadata generated by the H20T
camera are not MISB-compatible. To overcome this, we developed a Python script
to convert the STR files to the required format.

While reviewing files in FMV, when a deer or group of deer was detected, we
marked its location, or the center of the group, by placing a point on the video dis-
play (signatures for which identification was uncertain were omitted). This action
simultaneously created a corresponding point on the map layer, which was later
saved in ESRI shapefile format. For each detection, we recorded the timestamp,
number of animals, and observed behavior in an Excel spreadsheet. Behavior (gen-
eralized at the group level) was classified into one of four categories: 1) running,
2) walking, 3) moving (i.e., remaining in the initial location but changing body
position), or 4) still.
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Data analysis

For both study areas, Déva and Grandes Fouggres, we calculated the relative deer
densities for the first and second surveys as:

it
pIP:¥

where 7, is the number of deer detected in sampling block 7, and A, is the surveyed

D, (1)

area within block 7. The surveyed area was determined as the product of the total
length of all transects within a block and the filmed strip width.

To calculate overall deer density for each study area, we summed the deer counts
from both survey repetitions and divided this total by the combined area surveyed
across both repetitions. The standard error of the density estimates was obtained
using nonparametric bootstrapping.

To quantify the variability in deer counts between two consecutive surveys with-
in individual sampling blocks, we calculated the percentage of absolute change as:

Im1 = m2l 100 @
ni
where 7, and 7, are the counts from the first and second surveys in a given sam-
pling block.

Variability in counts among the sampling blocks was assessed by comparing the
mean counts from both surveys.

To estimate deer densities in various habitats, we assigned each detection to a
land cover class (forest, shrubs, grassland) in QGIS using a digital land cover data-
set (Gouvernement de la Nouvelle-Calédonie and Observatoire de I’Environne-
ment en Nouvelle-Calédonie 2019).

We explored the power to detect a population trend, i.e., a significant difference
in relative density estimates between two hypothetical time points #, and z,, by sim-
ulating mean densities for #, and 7, and comparing them using a one-sided #test
at a 0.05 alpha level. We focused on detecting population reduction, as this is the
goal of the species management plan. The mean population densities for 7, and ¢,
were sampled from a normal distribution across a range of the number of sampling
blocks (10—40) and various levels of potential population decline (10-30%). For
t,, we used the relative deer density and standard deviation derived from our field
data. Means for , reflected the chosen levels of decline, with standard deviations
decreasing proportionally to density (i.e., we assumed equal coefhicients of varia-
tion: CV = SD/mean at both time points #, and ¢,). Calculations were carried out
using the Emon package in R (Barry and Maxwell 2017; R Core Team 2025).

Permits

A derogation document issued by the Direction générale de l'aviation civile
g y g

(DGAC) granted us the following:

* Authorization to conduct flights for the acquisition of thermal imaging data,

* An exemption to fly at night at an altitude of up to 120 m above ground and
up to 250 m in the event of a communication loss with the drone (Return-
To-Home procedure),

NeoBiota 103: 85-106 (2025), DOI: 10.3897/neobiota.103.157791 94



Julia Witczuk et al.: Thermal drone surveys of invasive Javan deer in New Caledonia

* A horizontal distance waiver allowing flights up to 1,800 m from the pilot.

We followed all safety procedures applicable within the control zone (CTR) of
the Poé acrodrome in the Déva area. These procedures — including notifying flight
control staff at the beginning and end of drone flights, monitoring the air fre-
quency via VHF radio, and other standard practices — were carefully implemented
throughout all flight missions.

Permits to operate the drone within the protected areas of Déva and Grandes
Fougeres were issued by the Province Sud authority. Permits for conducting work
and travel during the COVID-19 lockdown were issued by the Haut Commissar-
iat de Nouvelle-Calédonie.

Results

At the Déva study site, we detected 946 Javan deer within a surveyed area of 811 ha
during the first flight and 778 individuals within 678 ha during the second flight
(Table 1). The largest group was 14 individuals (mean group size = 2); however,
many groups were located close to one another, and the definition of a “group” was
somewhat arbitrary (Fig. 6A). Estimates of relative deer density (the number of
detected individuals per km? of surveyed area) were similar for the first and second
surveys: 117 and 115 deer/km?, respectively. The overall estimate calculated from
both surveys was 116 deer/km? (SE = 26.8).

At the Grandes Fougeres study area, we detected 16 individuals over a surveyed
area of 252 ha during the first flight and 15 individuals over 190 ha during the
second flight. These were mainly solitary animals; only in two cases did we observe
groups of two and three individuals (Fig. 6B). As in the Déva study area, the esti-
mated relative densities were similar between the two consecutive surveys: 6 deer/
km? in the first and 8 deer/km? in the second. The overall estimate from both
surveys was 7 deer/km? (SE = 2.8).

The differences in the number of deer detected between two consecutive sur-
veys within individual sampling blocks ranged from 1 to 30 individuals in Déva
(excluding counts for block B2, for which the second survey was incomplete) and
from 0 to 2 individuals in Grandes Fougeres (Table 1). The differences, expressed
as the percentage of absolute change between counts, were positively correlated
with the time gap between the two surveys of a given block (R = 0.64, p = 0.02).

Variability in counts among the sampling blocks was substantial (Fig. 5), with
mean counts (based on two consecutive surveys) ranging from 18 to 201 individ-
uals in Déva and from 0.5 to 9 individuals in Grandes Fougeres.

Relative deer densities varied across land cover classes (Table 2). In Déva, the
lowest density was observed in forested areas — 61 deer/km?. In contrast, densities
were significantly higher in open habitats, with 127 deer/km? in shrubs and 130
deer/km? in grasslands. A similar pattern was observed in Grandes Fougeres, where
the density in forested areas was 3 deer/km?, compared to 7 deer/km? in shrubs
and as high as 23 deer/km? in grasslands.

We did not observe any animal response to the presence of the drone — in 94%
of cases, the detected animals remained completely still or only changed body
posture (typically by moving their heads) while staying in the same location.
Only 4% of detections involved walking animals, and 2% involved animals that
were running.
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A B

Figure 6. Video frames from thermal drone surveys in New Caledonia showing 22 Javan deer (Rusa timorensis) detected in Domaine de
Déva on 23 September 2021 at 18:54 (flight altitude: 80 m, camera angle: 40°) (A), and two Javan deer detected in Parc provincial des
Grandes Fougeres on 4 October 2021 at 20:29 (flight altitude: 100 m, camera angle: 0°) (B).

Table 2. Relative densities of Javan deer (Rusa timorensis) from thermal drone surveys in two study
areas in New Caledonia by land cover class. The number of detected individuals represents the total

counts combined from two consecutive flights. The surveyed area represents the combined area cov-

ered during both flights.
Domaine de Déva Grandes Fouggres
Land cover class Forest Shrubs Grassland Forest Shrubs Grassland
Relative density (deer/km?) 61.4 130.0 127.9 3.4 7.4 22.9
Detected individuals 181 1231 312 8 12 11
Area surveyed (km?) 2.95 9.47 2.44 2.32 1.63 0.48

Power analysis indicated that, based on data collected from the 10 sampling
blocks in Déva, a potential population decline of at least 25% could be detected
with a power of 0.8. To detect a 20% decline with the same power, at least 15
blocks would be required. In contrast, the power to detect trends in the Grandes
Fouggres area was low — detecting a 25% population reduction would require sam-
pling approximately 28 blocks (Fig. 7).

Discussion

The drone equipped with a thermal camera proved to be a highly effective tool
for invasive Javan deer monitoring. However, the applicability of the method de-
pends on the habitat that dominates the surveyed sites. In Déva — a study area
with a mostly open, hilly savanna landscape — we detected hundreds of animals
and, within a limited time, were able to gather high-quality data on the relative
abundance and distribution of deer (Fig. 5). The estimated population density in
this area (116 deer/km?) was comparable to the highest estimates ever reported for
the west coast of Grande-Terre based on spotlight counts (122 deer/km?; Le Bel et
al. 1999, as cited in Roques-Rogery 2008). Locally, the densities estimated in our
study even exceeded 400 deer/km?”. Such high numbers are alarming and highlight
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Figure 7. Power to detect a difference between two relative density estimates of Javan deer (Rusa timorensis) from thermal drone surveys

in Domaine de Déva and Parc provincial des Grandes Fougeres, New Caledonia, as a function of the number of sampling blocks and the

magnitude of the potential population decline (solid color lines). The black dashed line indicates the minimum desirable power level (0.8).

the enormous scale of the problem that wildlife conservationists and managers in
New Caledonia are facing.

In the second study area — Parc provincial des Grandes Fougeres, covered
mainly by dense rainforest — estimated deer densities were relatively low (7 deer/
km?), although locally reaching up to 18 deer/km? Similar Javan deer densities
(1-17 deer/km?) in New Caledonian rainforest were also observed in previous
research using the pellet group-count method (Le Bel et al. 2001). In Grandes
Fouggres, the method showed certain limitations. The thick rainforest canopy po-
tentially blocked the thermal signal of some animals, reducing detectability. Ad-
ditionally, we encountered difhiculties in finding suitable take-off sites from which
to perform the flights. Trees often limited the observer’s field of view toward the
drone flight path and interfered with communication between the aircraft and the
remote controller. Another limiting factor in this study area was the steep terrain,
which further hampered visibility and communication. Even though the take-off
sites were located high on the ridges, the drone sometimes became obscured in the
lower parts of the slopes. Such challenges in mountainous areas with dense canopy
forests should be accounted for during survey planning.

Deer densities estimated separately for each of the three habitat categories were
much lower in the forest than in the shrubs and grasslands (Table 2). This was
expected not only due to the lower detection probability in forests caused by leaf
cover, but primarily because the surveys were started at dusk, when deer move
from forests to open habitats to forage.

During the study, we attempted to test whether the camera mounting angle
affects animal detection in forested areas. With oblique views (angle > 0°), the
crown layer obscuring the animals is expected to be thicker than when the camera
is pointing directly downward. We conducted two survey repetitions with camera
angles of 40° and 0° in the Grandes Fougeres study area. However, the number of
deer detected within the forest land cover class (4 animals in the 40° survey and
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4 in the 0° survey) was too small a sample size to verify our hypothesis about the
role of camera angle in the detection process. Nevertheless, we observed another
problem related to the oblique camera angle in steep terrain — when the drone flies
downslope, the distance between the camera and the center of the observed area is
much longer than over flat terrain. This reduces image resolution and may decrease
the probability of animal identification. The issue is minimized when the camera
is oriented directly downward. Therefore, for surveys in steep mountainous areas,
we recommend setting the camera at a 0° angle.

Surveys over each sampling block were repeated to assess the variability of the
counts. The observed small differences in deer numbers detected during consec-
utive surveys were most likely due to animal movement. This is supported by the
positive correlation between the percentage of absolute change in counts and the
time gap between repeated flights. Longer intervals (up to 100 minutes) allowed
some animals to leave or enter the surveyed strip. Given the stable weather condi-
tions, changes in detection probability due to weather were unlikely. These minor
differences in deer numbers had no significant effect on relative density estimates
for the entire area. The general consistency of estimates derived from consecutive
flights indicates that drone surveys are highly repeatable, making this method well
suited for population monitoring.

Wildlife surveys using drones may be affected by animals’ response to the aircraft
(Ditmer et al. 2015; Mulero-Pazmdny et al. 2017). Deer disturbed by the drone
could move out of the surveyed area, shift between transects, or seek shelter under
trees, leading to bias and increased variability in counts. However, we did not ob-
serve any reaction of deer to the drone flying at various altitudes, either during the
preliminary test flights at the hunting farm or in the wilderness survey areas. Only
a small fraction (~6%) of deer were recorded while walking or running, and no
consistent movement pattern was apparent. Therefore, we assume that the 10 m
spacing between filmed strips was sufficient to minimize the risk of double-count-
ing. The lack of deer reaction to the drone is in line with observations made by
Zabel et al. (2023) during drone surveys of red deer (Cervus elaphus) in Germany.
Nevertheless, the potential disturbance of animals should be considered during
survey planning, as other species may be more sensitive to drone operations.

The effectiveness of any population monitoring program depends on its abil-
ity to detect differences between consecutive estimates or long-term trends. The
observed substantial spatial variability in deer distribution — where deer counts
among the sampling blocks differed by more than 10-fold — decreases the precision
of the density estimates and the power to detect trends. In Déva, with 10 sampling
blocks surveyed, a 25% population decline could be detected with a power of 0.8
(Fig. 7). This level of power to detect change is sufficient, considering that the deer
management strategy for New Caledonia aims for over 25% reduction in deer
numbers. In contrast, in the rainforests of Grandes Fouggres, the low encounter
rate (number of deer detected per kilometer of transect) resulted in low power to
detect trends — about 28 sampling blocks would be needed to detect a 25% popu-
lation decline. The smaller the change in population density we wish to detect, the
greater the number of sampling blocks required. When monitoring goals are clearly
defined — i.e., the magnitude of population change to be detected — power analysis
can be used to determine the appropriate number of sampling blocks needed. This
approach is necessary to optimize monitoring costs and achieve meaningful results.
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Wildlife monitoring in remote and undeveloped areas with limited road systems
is challenging. Our experience indicates that it is possible to survey about six sam-
pling blocks (50-90 ha each) in a single night. This requires six sets of batteries
weighing approximately 18 kg along with two transport cases. An additional case
with the drone and other equipment weighs about 14 kg. Since this total weight
can be carried by people or on horseback, surveys can be conducted even in areas
without vehicle access. The batteries can be recharged at the parking spot using
a vehicle-mounted power generator, which further simplifies survey logistics in
remote locations. When single surveys are conducted over each sampling block, it
takes on average three nights to survey 18 sampling blocks — enough to achieve the
power to detect even a 20% reduction in population size. This indicates that the
method would be effective for monitoring deer populations in remote areas, such
as the mountain rainforest priority zones.

Advantages of the method

An important advantage of drone surveys is that the acquired data are verifiable
— the recorded videos can be stored, reviewed, and reanalyzed if needed. This is
particularly valuable in situations where local stakeholders — such as hunters, farm-
ers, and conservation activists — have conflicting interests. These groups may have
limited trust in data from indirect surveys (e.g., pellet counts, browsing indices), as
such data are difficult to translate into actual deer numbers. In contrast, drone-ac-
quired data — video recordings showing herds of deer from the air — are more illus-
trative, convincing, and easier to interpret. The strength of visual evidence in this
context is difficult to overstate. For example, landowners, local tribal customary
authorities, residents, and neighbors of the priority zones who have access to such
“hard data” can better assess the potential benefits of deer harvesting and are more
likely to accept professional deer control actions.

Another advantage is that the video files acquired from drones are georeferenced,
and habitat variables (e.g., land cover classes, altitude above sea level) can be easily
derived from GIS data layers and linked to deer detections. In the future, when
data for multiple years become available, population dynamics could be modeled
more precisely using habitat covariates. This is particularly important in situations
where an entirely random selection of survey sites is impossible due to difficulties
in access. Developing deer habitat-use models offers an opportunity to better un-
derstand their spatial distribution and to predict densities in non-surveyed regions
of the island, leading to more effective population management (Hess et al. 2023).

One of the main goals of wildlife monitoring is to detect population responses
to management actions, which requires data from surveys conducted over mul-
tiple years. High-quality data can only be gathered if the survey protocol is fully
reproducible over time. Drones offer an exceptional level of reproducibility, as the
same flight paths and parameters, such as altitude, speed, and camera angle, can be
easily replicated in future surveys. Applying these settings, along with conducting
surveys at the same time of year and day, minimizes variability due to survey con-
ditions. Furthermore, the use of artificial intelligence algorithms for detecting and
counting animals in recorded video files would eliminate human errors, provide an
additional level of standardization, and reduce the time and cost of data analysis
(Eikelboom et al. 2019; Delplanque et al. 2024).
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Aerial thermography can be recorded as video files or still images. Our experi-
ence from the current study, as well as from previous research (Witczuk et al. 2018;
Pagacz and Witczuk 2023), indicates that video data offer significant advantages.
The movement of animals captured on video helps distinguish their thermal sig-
natures from other similarly sized hot objects, thereby aiding in detection and
recognition. Additionally, video recorded at 30 frames per second — compared to
the typical one image per second for still imagery — offers a higher probability of
detecting animals, particularly in forested areas, by capturing multiple views of
a given location from shifting drone perspectives. It is also important that video
footage allows observation of animals’ responses to the drone and the direction of
their movement, which — if not random — may lead to biased population estimates.

Limitations

Drone-based surveys proved to be less effective in dense canopy rainforests than in
open areas. In New Caledonia, however, this limitation is less significant, as rainforests
cover only about 20% of the island (Allenbach 2021), while shrubs and grasslands
account for over 55% (Gouvernement de la Nouvelle-Calédonie and Observatoire
de 'Environnement en Nouvelle-Calédonie 2019). To enhance survey effectiveness
in mountainous rainforest priority zones, we recommend planning sampling blocks
in areas where closed-canopy forest cover does not exceed 50% and allocating greater
sampling effort to adjacent savanna areas where deer tend to congregate for foraging.

Thermal drone survey limitations also relate to the technical aspects of data
analysis. The videos captured during our surveys were manually reviewed using an
open-source FMV plug-in for QGIS. This software is basic and lacks several useful
features. For instance, while it is possible to create a GIS point layer indicating
deer locations by selecting points in the video display window, it is not possible
to simultaneously assign attributes such as group size or animal behavior. These
attributes must be entered and saved externally in spreadsheet software, which is
both time-consuming and prone to errors. The time required to review a video of
approximately 40 minutes (recorded over an average-sized sample block of about
70 ha) ranges from 60 to 90 minutes, depending on the number of deer detected
and the operator’s experience. The procedure is highly fatiguing, making it diffi-
cult to review more than two video files consecutively. The solution would be an
automatic video analysis using deep learning algorithms (Sudholz et al. 2021).
While commercially available software enabling object detection and tracking in a
geographic context is limited and expensive (e.g., the FMV for ArcGIS Pro from
ESRI), developing new, original software requires time and the employment of
highly qualified personnel. In any case, it is first necessary to create a database for
training, testing, and validating the detection/classification algorithm. The data
collected during this study provide a good starting point for building such a data-
base and also offer an opportunity to develop a first version of the algorithm, laying
the groundwork for future investment in its development. Upcoming deer surveys
in New Caledonia are expected to be analyzed using deep learning algorithms,
which should significantly reduce the time required for data analysis.

The low resolution of commonly used thermal sensors (640 x 512 pixels) is an-
other limiting factor. To achieve an acceptable level of detail in the obtained imag-
es, the flight altitude must be relatively low (< 100 m), which limits the strip width
and reduces the efficiency of the surveys. However, recently introduced high-reso-

NeoBiota 103: 85-106 (2025), DOI: 10.3897/neobiota.103.157791 100



Julia Witczuk et al.: Thermal drone surveys of invasive Javan deer in New Caledonia

lution thermal cameras (1280 x 1024) offer the possibility of increasing the flight
altitude without the cost of detail loss. Additionally, flying at higher altitudes may
help overcome communication issues caused by the terrain, thereby extending the
effective range of drone surveys. It is only a matter of time before high-resolution
cameras become standard in wildlife research, elevating the quality of drone-ac-
quired thermal imaging to an entirely new level.

The final limiting factor is regulations. After years of constant changes, regula-
tions regarding the use of drones are now well established. However, to ensure the
safety of all airspace users, the rules for drone operations remain quite restrictive.
In most cases, conducting nighttime wildlife surveys will require holding a profes-
sional drone pilot license and applying for exemptions that allow night operations
at the desired altitude or distance. These regulatory procedures can be cumber-
some, depending on the location and the applicant’s experience. Therefore, wildlife
managers planning drone surveys should be aware that obtaining the necessary
permits can be time-consuming. The high requirements for drone operators, com-
bined with the high cost of the equipment, mean that stakeholders will usually not
be able to conduct surveys independently. Instead, they will need to outsource the
service to a well-equipped and experienced external contractor.

Conclusion

Drones equipped with thermal cameras are an effective tool for assessing the rel-
ative density of invasive Javan deer in the challenging landscapes of New Caledo-
nia. The time efficiency, verifiability of the data, and highly reproducible survey
protocol make drone surveys a much better option than alternative ground-based
methods. The straightforward interpretation of the data and the strong demon-
strative value of the videos facilitate social acceptance of deer management actions
— especially professional deer control — by local stakeholders, such as landowners,
residents, tribal customary authorities, and politicians. Further improvements to
the method will require the development of software for automatic video analysis
and the use of high-resolution thermal cameras.
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